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Abstract—Currently, a worldwide tendency of decentralization 
of electric energy production (called Distributed Generation) is 
observed, where small generators – sometimes composed by 
synchronous machines – are connected mainly to distribution 
grids. Due to the intrinsic characteristic of load imbalance 
between phases in these systems, there are a series of questions 
about operation of these generators and its respective control 
loops. Some of these questions are related to the imbalance 
impact over the actuation of limiters in the excitation systems of 
these generators. In this context, this paper presents an analysis 
of the actuation of the Volts/Hertz and over-excitation limiters, 
when the synchronous generator is submitted to extreme 
situations under unbalanced load conditions. Additionally, the 
effect of different terminal voltage transducer representations 
over the actuation of these limiters was evaluated. The obtained 
results demonstrate that the unbalance condition, associated 
with an inappropriate specification of the voltage transducer, 
may have a significant impact on the actuation of these limiters. 
Index Terms— Distributed Generation, Unbalanced Electrical 
Systems, Overexcitation Limiter, Volts/Hertz Limiter, Voltage 
Transducer. 
I. INTRODUCTION 
In the last decades, electric energy production 
decentralization, known by Distributed Generation (DG) is 
verified on a worldwide level. Due to its recent appearing, the 
definition of DG is not completely established [1], but for this 
paper it will be assumed that it comprises the electric energy 
production by small generators connected to Power 
Distribution Systems (PDS) or near of consumer center of 
power systems [2], and not centrally dispatched by system 
operator. This new reality of energy production is already 
present in several countries [3,4,5] including Brazil [6], where 
cogeneration plants based on biomass from sugarcane 
facilities are common. 
Globally, most DG applications use technologies that 
apply power electronics for performing the connection of the 
primary font of energy to the distribution grid, characterized 
by non-rotating or asynchronous machines [7]. However, in 
Brazil and others countries, like China and Japan, the DG is 
essentially composed by Synchronous Generators (SG) 
[3,4,6]. The main advantage of SG application is due to lower 
investments when compared to other technologies. 
The SG analysis in bulk power systems, including its 
control loops, is well established [8]. In these systems the 
consideration of equal power distribution between phases is 
adequate, resulting in expressive simplifications for analysis, 
such as the representation of system by its single-line 
equivalent. The PDS, however, has the intrinsic characteristic 
of power imbalance between phases [9], due to presence of 
single-phase loads in its grid and the presence of asymmetric 
transmission lines [10], for example. Thus, the analysis of SG 
operating in these grids, called Distributed Synchronous 
Generators (GSD), must take into account the detailed three-
phase representation of system. In this case, the analysis is 
more complex due to a larger number of variables involved, 
and certain discussions about this subject are still open. 
The analysis of the limiter blocks present in Excitation 
Systems (ES) of SG is a topic for which there has been little 
(or none, to the knowledge of the authors) study under 
unbalanced three-phase conditions. In addition, the 
specification of the voltage transducer who feeds the ES has 
considerable relevance in unbalanced networks [9]. Under 
these conditions, the voltages of system have negative and 
zero sequence components, so different types of feedback 
voltages generate different results, that impact significantly on 
the dynamic behavior of system. 
Given this context, this paper presents an analysis of the 
operation of the Volts/Hertz and Over-excitation limiters 
(which are associated to the same region of operation in 
capability diagram) when the SG operates under three-phase 
unbalanced conditions. It will be shown that a combination of 
extreme operating conditions (for which the limiters are 
supposed to be active) with high levels of imbalance and an 
inappropriate specification of the voltage feedback can induce 
an incorrect actuation of these limiters, worsening the 
problems they are supposed to attenuate.  
This work is structured in the following way: Section II 
presents theoretical aspects about the analyzed limiters and 
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their respective dynamic models; Section III presents the 
voltage transducer representations that were used to feed the 
ES in the simulations; Section IV presents the test system 
where the simulations were performed; Section V presents the 
results from these simulations, and; Section VI finishes the 
paper with concluding remarks. 
II. VOLTS/HERTZ AND OVEREXCITATION LIMITERS [8] 
The set of elements responsible for performing the voltage 
control of GS is called the ES. In an elemental way, its 
function is to provide necessary current to the field winding 
of the GS to maintain its terminal voltage at the desired value, 
given by the ES reference. However, a series of protection 
and limitation schemes have to be appended to the ES main 
loop, so that both the dynamic performance of the GS and the 
power system to which it is connected are adequate.  
This work focuses on the limiting schemes. Such schemes 
have the two basic and main functions: to ensure the safe 
steady state operation of the SG and to guarantee that its 
short-term capacity of operating under extreme conditions is 
preserved. The steady state operating limits are provided by a 
set of curves that define a geometric region called "Capability 
Diagram", illustrated in Figure 1. This region is defined, in a 
simplified manner, by three limits: the minimum and 
maximum values of field winding current, and maximum 
permissible stator windings current. The short-term limits are 
defined by the same parameters, but with an enhanced value 
for each of them (given that these conditions will only last 
during the transient period), augmenting the limits for the 
maximum applied voltage on field winding, and the 
maximum magnetic flux in the stator core. 
 
Figure 1 – Typical Capability Diagram for Cylindrical Rotor Synchronous 
Generator [8] 
In this paper, both the Volts/Hertz and Over-excitation 
limiters are analyzed, given that they are related to the same 
region of SG operation in the capability diagram. These 
limiters are described below, with their respective dynamic 
models. All parameters associated with these models are 
presented in Appendix A, for the chosen test system. 
A. Volts/Hertz Limiter 
The magnetic flux present in the SG field is proportional to 
the ratio between its terminal voltage and its operating 
frequency (an electric relation that gives the name to the 
limiter). In over-voltage or under-frequency conditions, the 
magnetic flux in the SG core can be excessive, which may 
cause serious damage to its structure, especially by the over-
heating caused by the appearance of eddy currents. To avoid 
this problem, a Volts/Hertz limiter is added to the ES, whose 
dynamic model is presented in Figure 2. 
 
Figure 2 – Dynamic Model of a Volts/Hertz Limiter [8] 
The actuation of the Volts/Hertz limiter consists in 
comparing the ratio between ௖ܸ (the value of the SG terminal 
voltage, obtained from the voltage transducer - a feature that 
will be discussed in subsequent section) and its operating 
frequency ݂ to a reference value ௭ܸ௟௠, generating an error 
signal. When the error is positive, characterizing an 
inadequate operation of SG, the limiter, by the integral action, 
generates a ramp. This ramp is added to summing junction of 
ES, in order to reduce the terminal voltage of the SG and, 
hence, the value of the Volts/Hertz quotient. The limiter 
interrupts his action when the ௖ܸ/݂ quotient is less than or 
equal to the ௭ܸ௟௠ reference. 
B. Over-excitation Limiter 
There are situations in which the SG must operate at field 
current values above its nominal value, such as voltage sags or 
system islanding [11]. The SG responds dynamically to these 
conditions by raising its field current. However, this response 
must be restricted to a maximum period of time to prevent 
damage to its structure, mainly in the field winding conductor 
isolation. For this reason, the Over-excitation limiter is added 
to the ES, as illustrated in Figure 3. 
 
Figure 3 – Dynamic Model of an Over-excitation Limiter [8] 
Similarly to the Volts/Hertz limiter, the output signal of 
the Over-excitation limiter is also added (with a minus signal, 
however) into the ES summing junction, with the aim of 
reducing the level of SG excitation and, consequently, its field 
current, under inadequate conditions of operation. This limiter 
consists of two limitation characteristics. One is performed by 
the "A" summing function and has an instantaneous action 
when the field current is greater than (typically) 1.6 times [8] 
the field current value in maximum load conditions, called 
Full Load Current (FLC). The other is performed by the "B" 
summing function and has a delayed action that is dependent 
on the over-excitation level. Its action typically occurs when 
the field current is between 1.05 and 1.6 times the FLC [8]. 
The limiter suspends its action when the field current is less 
than or equal to 1.05 times the FLC. 
III. VOLTAGE TRANSDUCER 
Figure 4 illustrates the block diagram of Voltage 
Transducer utilized in the feedback loop of the ES. In this 
model it is represented as a time delay ( ௥ܶ) associated with 
the rectifying and filtering processes, applied to convert the 
AC terminal voltage of the SG in an equivalent DC quantity 
( ௖ܸ) used in the processes associated to ES [11]. 
 
Figure 4 – Block Diagram of Voltage Transducer 
There is no unique definition about the process for 
measuring the terminal voltage of the SG ( ௧ܸ), and so the 
representation of this process will depend on the type of 
transducer that is performing this function in practice. It is 
important to remark, however, that the behavior of each of 
the three terminal phase voltages ( ௔ܸ, ௕ܸ and ௖ܸ) of the SG 
will have to be represented by a single variable ௧ܸ, and that 
this inevitably leads to loss of information in the unbalanced 
case.  
There is not much information, both in the literature and 
from manufacturers, about the internal processes 
implemented for terminal voltage transducing, although it is a 
crucial feature for the study of the behavior of SG under 
unbalanced conditions. Due to this lack of information, this 
work will follow the definitions proposed in [9] for the 
calculation of the SG terminal voltage: 
1) ܸݐ = ܴܯܵ ൜ට ௗܸଶ + ௤ܸଶൠ, where ௗܸ  e ௤ܸ are, respectively, the 
voltages in the direct and quadrature axes of the SG; 
2) ܸݐ = (ܴܯܵሼ ௔ܸሽ + ܴܯܵሼ ௕ܸሽ + ܴܯܵሼ ௖ܸሽ)/3; 
3) ܸݐ =  ඥ(ܴܯܵሼ ௔ܸሽଶ + ܴܯܵሼ ௕ܸሽଶ + ܴܯܵሼ ௖ܸሽଶ)/3; 
4) ܸݐ = ܴܯܵሼ ௔ܸሽ; 
5) ܸݐ = ܴܯܵሼ ௕ܸሽ; 
6) ܸݐ = ܴܯܵሼ ௖ܸሽ. 
IV. TEST SYSTEM 
The used test system is an equivalent version of PDS 
presented in [12]. This system is an example of a typical 
application of DG in Brazil, where cogeneration schemes 
using synchronous generation are actually present in 
sugarcane facilities. This system operates at 13,8 kV and 60 
Hz, and the short-circuit level on the connection with the 
subtransmission system is 2000 MVA. 
Originally, the system consists of 32 buses, 5 transformers, 
27 line sections and 4 DSG which have nominal powers that 
vary between 1,5 and 5,5 MVA. To simplify the analysis and 
reduce the computational effort in the simulations, the DG was 
represented by a single GSD with 10 MVA of nominal power, 
connected at the bus 807, and the PDS was reduced to an 
equivalent using the Thèvenin theorem, which created the 
single machine - infinite bus model shown in Figure 5. For 
this system, the infinite bus represents the connection of the 
PDS with the subtransmission system and ܼ௧௛ represents the 
equivalent impedance of the PDS as seen from bus 806. Some 
simplifications have been applied for obtaining the equivalent 
system, such as: the system was considered to be operating 
under balanced conditions; all loads were modeled by constant 
impedances, and; the lines were represented only by their 
respective positive sequence impedances. To vary the 
operating point of the DSG, a purely active load (L) at its 
terminals was added, whose value is dependent on the limiter 
subjected to analysis. Furthermore, this load is used to create 
the unbalance conditions in the PDS, using the method 
presented in next section. 
 
Figure 5 – Equivalent Power Distribution System used for Simulations 
The ES employed in the DSG was represented by the IEEE 
ST1A model [11], to which the dynamic models of the 
limiters presented in Section II were added. 
V. SIMULATIONS AND RESULTS 
All simulations were performed using the Alternative 
Transients Program (ATP) [13]. The GS model used in ATP 
was the Type 59 machine [13], with 2 mechanical equations 
and 6 electrical equations. The control devices and voltage 
transducers were modeled using the MODELS scripting 
language [14], which is currently one of the most used tools 
for describing protection and control devices in ATP. 
The analyses were based on the steady state case shown in 
Figure 5, where it was guaranteed that, for the system 
operating under balanced conditions (regardless of the value 
of load L), the active and reactive power values injected into 
the network by the GS were kept constant. The load imbalance 
is represented exclusively in load L, using the framework 
presented in [9], which sets an imbalance factor (ߚ) that varies 
its value between 0 and 1. This factor represents a degree of 
load power variation in two phases, maintaining the same load 
power in the other phase. The variation in one of the two 
modified phases is incremental, while in the other one it is 
decremental. The power value per phase is expressed by the 
following relations: 
ܵ௔ = (1 − ߚ) ∗ ܮ/3 (1) 
ܵ௔ = ܮ/3 (2) 
ܵ௖ = (1 + ߚ) ∗ ܮ/3 (3) 
where ܮ/3 is the power of the per phase load in the balanced 
case and ܵ௔, ܵ௕ and ܵ௖ are the apparent powers in the phases A, 
B, and C, respectively. It is important to remark that, for any 
level of imbalance applied, the three-phase power is kept 
constant, which enables a comparison that minimizes the 
effect of the power variation over the operating point of the 
SG.  
C. Volts/Hertz Limiter Analysis 
For analysis of the Volts/Hertz limiter, the three-phase 
value of load L was set at 3 MW. In this operating condition, 
the DSG injects an active power of 5 MW and consumes a 
reactive power of 2.4 MVAr, values that correspond to a 
power factor of 0.9 when ߚ is null. To verify the action of the 
limiter, a positive step in ES reference with 0.15 p.u. of 
amplitude was applied, instantaneously changing the terminal 
voltage reference of the DSG to 1.15 p.u.. Since the 
subtransmission system is represented by an infinite bus, the 
frequency variations are small and the quotient Volts/Hertz is 
approximately equal to the terminal voltage value (in p.u.) of 
the DSG. The reference of the limiter ( ௭ܸ௟௠) has a setting of 
1.07 p.u. and, therefore, the previous disturbance triggers the 
limiter actuation. In this way, the limiter generates a ramp 
which is added to ES reference with minus sign, aiming to 
reduce the DSG terminal voltage and hence, the quotient 
Volts/Hertz. 
Figure 6 illustrates the limiter output signal when ߚ = 0.5 
in load L, a factor that characterizes a significant imbalance on 
the system. In this figure, the ramp characteristic of limiter is 
evident, and from the many simulations that were performed, 
it was observed that this response is similar, regardless of the 
value of ߚ or the ௧ܸ definition used for the voltage feedback. 
 
Figure 6 – Output Signal of Volts/Hertz Limiter 
From the analysis of Figure 6, it can be concluded that 
both the imbalance and the type of ௧ܸ feedback applied to the 
ES do not have an impact over the output of the Volts/Hertz 
limiter.  
However, the ramp generated by the limiter is suspended 
when the terminal voltage measured by transducer reaches its 
reference ( ௭ܸ௟௠). Furthermore, as mentioned earlier, the output 
of the transducer contains a joint representation of the effects 
of three voltage magnitudes ( ௔ܸ, ௕ܸ and ௖ܸ) by a single signal. 
In the unbalanced cases, the generator terminal voltage shows 
components of negative and zero sequence that produce 
different values of voltage amplitudes for each phase. Thus, in 
a considerable number of simulated cases under unbalanced 
conditions, the actuation of the limiter did not guarantee that 
the generator terminal voltage in all phases was kept at an 
appropriate level, determined by the ௭ܸ௟௠ value, to avoid an 
excess of magnetic flux in its core. Figure 7 shows this 
behavior when the definition 3 for ௧ܸ is used. 
 
Figure 7 – Terminal Voltage of Generator for Volts/Hertz Acting 
In Figure 7, it becomes clear that the limiter actuation is 
suspended when the terminal voltage measured by transducer 
reaches the ௭ܸ௟௠ value. However, it can be seen that, from this 
moment on, the voltage in phase B remains at an inadequate 
value. From the other simulations it was observed that this 
behavior occurs for others types of ௧ܸ feedback employed. 
Therefore, although the imbalance does not affect the limiter 
output signal, the end result of the Volts/Hertz limiter 
actuation (under steady-state conditions) is impacted by the 
imbalance in the system. 
D. Overexcitation Limiter Analysis 
For the Over-excitation limiter analysis, the value of load 
L was set at 7.7 MW. In this operating condition, the DSG 
injects an active power of 9.7 MW and consumes a reactive 
power of 2.4 MVAr, placing it in its nominal capacity in order 
to characterize the FLC. To sensitize the limiter, a positive 
step in ES reference, with amplitude of 0.1 p.u., was applied. 
This event raises the field current of generator, triggering the 
limiter actuation. 
When the SG operates under unbalanced conditions, its 
field current has an oscillation around an average value. For 
convenience, in this paper all results which illustrate the field 
current behavior show just its average component (to avoid 
unclear graphics). Figure 8 illustrates the field current 
behavior when the disturbance is applied, using Definition 1 
for ௧ܸ (given in Section III) and a number of different ߚ 
values.  
 
Figure 8 – Field Current Behavior for Different β Values 
When ߚ is null, the field current reaches 1.23 times FLC 
value in transient period and, due to the limiter action, it 
returns to 1.05 times FLC value, corresponding to the lower 
limit setting. However, as the imbalance is increased, the field 
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current average value becomes bigger after the action of the 
limiter, which corresponds to maintaining permanently the 
over-excitation on the field winding of the GS. It was also 
observed that this behavior is recurring to the other definitions 
of ௧ܸ. Thus, the acting of over-excitation limiter does not 
guarantee the safe operation of generator when subject to high 
levels of imbalance. 
It was also observed that, the limiter dynamic response 
varies according to the ௧ܸ definition. This behavior is 
illustrated in Figure 9, where ߚ = 0.5 in load L and the same 
disturbance that was used to produce Figure 8 was applied. 
 
Figure 9 – Field Current for Different Definitions for Vt 
In this analysis, it was found that for both definitions 
where ௧ܸ uses d-q or abc quantities (definitions 1, 2 and 3), the 
dynamic responses are equivalent, and are also very similar to 
the response obtained for the balanced case (ߚ=0). However, 
when using the definitions which correspond to a single-phase 
voltage (definitions 4, 5 and 6), the dynamic response of the 
limiter is considerably impacted by imbalance. These impacts 
are directly related to the level of over-excitation achieved 
during the transient period, which directly affects the limiter 
operating time due to its dynamic characteristics. 
Therefore, it can be seen that the over-excitation limiter is 
a critical part of the ES which can be significantly affected by 
the operation under unbalanced conditions. Besides, its 
actuation does not guarantee the GSD safe operation under 
these conditions, depending on the type of ௧ܸ feedback that is 
used. 
VI. CONCLUSIONS 
The obtained results demonstrate that the imbalance has 
impacts on the actuation of the Volts/Hertz and the Over-
excitation limiters. Thus, the correct analysis of the ES 
limiters under unbalanced networks demands a detailed 
representation of the three-phase model of the system. 
Additionally, it was verified that the type of terminal voltage 
feedback, in conjunction with unbalanced conditions, also 
may affect the dynamic response of system. Thus, the future 
perspectives of this work foresee a continued survey with 
manufactures about the types of ௧ܸ feedbacks employed by 
their transducers and an investigation about the best way to 
model them, so the issues pointed out in this paper can be 
analyzed with models that are closer to what happens in 
practice. 
APPENDIX A – SYSTEM DATA 
Test System: The values of ܼ௧௛ା  e ଼ܼ଴଻ି଼଴଺ା , related to 
Figure 5, are 9.03 + j5.46 Ω and 5.67 + j1.86 Ω, respectively. 
The parameter values for the IEEE ST1A [12] SE are: ܭ௔ = 
200; ௔ܶ = 0 s; ௥ܸ௠௜௡ = -6.4 p.u.; ௥ܸ௠௔௫  = 7.0 p.u.; ܭ௖ = 0.04 
and ܭ௟௥ = 0 (the internal limits and stabilizing functions were 
not represented). 
The parameters of DSG are the following: 
ܲ = 2, ܵ௕௔௦௘  = 10 MVA, ௕ܸ௔௦௘  = 13.8 kV, ܪ = 0.7 s; 
ݎ௔  = 0 p.u., ݔ௟  = 0.1 p.u., ݔௗ = 2.06 p.u., ݔ௤ = 2.5 p.u.,  
ݔ′ௗ = 0.398 p.u., ݔ′௤ = 0.3 p.u., ݔ"ௗ = ݔ"௤ = 0.254 p.u., 
ݔ଴ = 0.01 p.u.; 
ܶ′ௗ଴ = 7.8 s, ܶ′௤଴ = 3s, ܶ"ௗ଴ = 0.066s, ܶ"௤଴ = 0.075s. 
The delay time of voltage transducer ( ௥ܶ) is 0.015 s. The 
parameters related to the dynamic model of the Volts/Hertz 
limiter, presented in Figure 2, are: ௭ܸ௟௠ = 1.07 p.u., ܭ௭ଵ = 
1000 e ܭ௭ଶ = 0.007. 
The parameters related to dynamic model of the Over-
excitation limiter, presented in Figure 3, are: ܫ௙௟௠ଵ = 3.28 
p.u.; ܫ௙௟௠ଶ = 2.16 p.u.; ܮܯ1 = -0.085 p.u.; ܮܯ2 = -5.0 p.u.; 
ܭଵ = 150; ܭଶ = 0.248 e ܭଷ = 1. 
REFERENCES 
[1] N. Jenkins, R. Allan, P. Crossley, D. Kirschen and G. Strbac, 
Embedded Generation. London: The Institution of Engineering and 
Technology, 2000, 292 p. 
[2] T. Ackermann, G. Andersson and L. Söder, “Distributed Generation: a 
definition,” Electric Power Systems Research, vol. 57, n. 3, pp. 195-
204, Apr. 2001. 
[3] T. Shinji, A. Yokoyama and Y. Hayashi, “Distributed Generation in 
Japan,” in Proc. IEEE Power and Energy Society General Meeting, 26-
30 July 2009. 
[4] M. Wang and J. Zhong, “Development of Distributed Generation in 
China,” in Proc. IEEE Power and Energy Society General Meeting, 26-
30 July 2009.  
[5] International Energy Agency, Distributed Generation in Liberalized 
Electricity Markets. Paris: OECD/IEA, 2002, 125 p. 
[6] S. Granville, P. Lino, F. Ralston, L. A. Barroso and M. Pereira, “Recent 
Advances of Sugarcane Biomass Cogeneration in Brazil,” in Proc. 
IEEE Power and Energy Society General Meeting, 26-30 July 2009. 
[7] W. El-Khattam and M. M. A. Salama, “Distributed Generation 
Technologies, Definitions and Benefits”, Electric Power Systems 
Research, vol. 71, n. 2, pp. 119-128, Jan. 2004. 
[8] P. Kundur, Power System Stability and Control, New York: McGraw-
Hill, 1994, 1176 p. 
[9] R. H. Salim and R. A. Ramos, “Analyzing the Effect of the Type of 
Terminal Voltage Feedback on the Small Signal Dynamic Performance 
of Synchronous Generators,” in Proc. VIII International Institute for 
Research and Education in Power Systems (IREP) Symposium – Bulk 
Power System Dynamics and Control, 1-6 Aug. 2010. 
[10] W. H. Kersting, Distribution Systems Modeling and Analysis, Boca 
Raton: CRC Press, 2002, 314p. 
[11] IEEE Recommended Practice for Excitation System Model for Power 
System Stability Studies, IEEE Std. 421.5-2005, Apr. 2006. 
[12] R. H. Salim and R. A. Ramos, “A Model-Based Approach for Small-
Signal Stability Assessment of Unbalanced Power Systems,” IEEE 
Transactions on Power Systems, vol. 27, n. 4, pp. 2006-2014, Nov. 
2012. 
[13] ATP Rulebook, Comité Argentino de Usuarios del EMTP/ATP, 2002. 
[14] L. Dube, User Guide to MODELS in ATP, 1996, 164p. 
 
5 10 15 20 25 30 35 40 45 50
0.95
1.05
1.15
1.25
1.35
1.45
Time (s)
Fi
el
d 
C
ur
re
nt
   
  
tim
es
 F
L
C
   
  
 
 
Definitions 1, 2 and 3
Definition 4
Definition 5
Definition 6
